We conducted theoretical investigation into the effect of spontaneous electron spin polarization in single and coupled quantum dots formed by lateral confinement of a high-mobility two-dimensional electron gas in a semiconductor heterostructure. The equilibrium properties of realistic many-electron quantum-dot devices are first studied within the two-dimensional Thomas-Fermi approximation taking into account contributions from the patterned gate, doping, surface states, and mirror charges. In order to explore spin-dependent phenomena, a self-consistent model has been developed using the Kohn-Sham local spin-density formalism. We have tested the contribution of electron correlation in the systems considered and found that it plays a minor role, hence only exchange interactions are included in the model. We investigate the possibilities of manipulating the magnetization ͑spin polarization͒ of single and double quantum dots by means of their mutual coupling and symmetry breaking caused by variations in the geometry of the gate.
I. INTRODUCTION
Over the last decade quantum dots have proved to be promising candidates for a host of cutting-edge applications, from semiconductor lasers to next-generation memory and processing units. Recent developments in materials science and powerful nanofabrication techniques have led to the realization of isolated and coupled quantum dots with precisely tailored properties and control of their two-dimensional electron gas ͑2DEG͒ content with a single-electron resolution. This has provided an indispensable tool to probe a whole new world of quantum effects in such ''artificial atoms'' and it has also involved a huge amount of experimental and theoretical effort. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] On the other hand, the emerging field of spin electronics, or ''spintronics,'' which takes advantage of electron spin rather than its charge, may bring about yet another revolution in state-of-the-art semiconductor electronics leading to new devices such as spin transistors, magnetic random access memories, and optical encoders and decoders. 20 An even more ambitious application might be in using coherent states of electron spins for quantum information processing ͑see Ref. 21 for a review͒. Semiconductor quantum dots are especially attractive for these purposes since their electronic properties can be readily engineered and spin coherence can be sustained long enough to be monitored and transported within the device. 22 Given such a motivation, it is instructive to study single and coupled quantum dots in terms of their spin polarization, and how the latter could be controlled by external means.
In a previous paper 19 we studied equilibrium electronic configurations in coupled many-electron quantum-dot systems. A simple analytical procedure for the solution of the relevant semiclassical Thomas-Fermi equation for an electron density has been suggested and applied to the calculation of the capacitance, charging energy, and tunneling rates, i.e., basic parameters of devices containing arrays of quantum dots. In the present paper, we extend this study to the spin-dependent systems using the Kohn-Sham local spindensity approximation ͑LSDA͒. 23 With this approach, we investigate atomiclike shell structures and spin-polarized states in symmetric quantum dots that obey Hund's rule. We also show that Hund's rule is violated when the dots are coupled or the symmetry in an isolated dot is broken, and how spin polarization ͑magnetization͒ of the dots can be changed by electric fields from the gate. The work continues previous studies ͑Refs. 3-7 and 9-16͒ to the case of many electrons in realistic device structures. The paper is organized as follows. In Sec. II we formulate the integral Thomas-Fermi and Kohn-Sham equations and describe the computational scheme for solving these equations. Section III presents our results for a single quantum dot considering both symmetric and asymmetric cases. In Sec. IV we discuss the system of two coupled quantum dots. Finally, Sec. V summarizes our conclusions.
II. THE THEORETICAL MODEL AND CALCULATIONS
Quantum-dot devices may be fabricated in a semiconductor heterostructure as shown schematically in Fig. 1͑a͒ . The dots are defined by depletion of the two-dimensional electron gas ͑2DEG͒ near the GaAs/Al x Ga 1Ϫx As heterojunction when a negative voltage is applied to the metallic gate. The gate is deposited everywhere on top of the structure except for a square opening ͓Fig. 1͑b͔͒, a square opening with a cut corner ͓Fig. 1͑c͔͒, or two square openings ͓Fig. 1͑d͔͒, making three different devices. The actual size of the dots and the channel can be varied by changing the geometry of the gate, i.e., its lithography, as well as the applied gate voltage.
To find the electronic configuration of such devices, we assume as in Ref. 19 that the electron gas is strictly twodimensional and the donor layer is fully ionized. We also assume that two boundary conditions are satisfied: ͑1͒ the heterostucture is electrically neutral, therefore the electric field vanishes at infinity; and ͑2͒ there is a Schottky barrier for electrons at the interface with the metallic gate and its value eV s ϭ0.8 eV.
As an initial step to describing the equilibrium electronic properties of single and double quantum dots, we exploit the semiclassical Thomas-Fermi approximation for Tϭ0 K. The corresponding Thomas-Fermi equation for the electron density takes the form
Here, n(r) is the local two-dimensional ͑2D͒ electron density, m* is the electron effective mass in GaAs ͑in our calculations m*ϭ0.067m, m being the mass of the free electron͒; is the chemical potential being constant everywhere ͑we set ϭ0 as the reference energy͒. The confinement potential
comprises contributions from the gate V g , donors V d , and surface states V s . 24 The potential caused by the gate at the point rϭ(x,y) in the 2DEG plane at depth z from the gate is given by the well-known expression 24 eV g ͑ r,z ͒ϭ 1 2
where eV g (rЈ,0) is the distribution of the potential along the surface of the gate.
The contribution from the infinite donor layer
where d ϭ6ϫ10 17 cm Ϫ3 is the density of donors, and c and d are the thicknesses of the cap and donor layer, correspondingly. Expression ͑4͒ is derived after including the mirror charges for the donor layer located above the gate, in order to satisfy the boundary conditions at the gate plane. 19, 25 The overall potential for the donor charges and their mirror counterparts is therefore constant in the half-space below the donor layer, including the 2DEG plane, and does not depend on the depth of the spacer. The resulting bare confinement potential for a single quantum dot, Fig. 2͑a͒ , has a nearly parabolic shape at the center of the dot but flattens out slightly at the boundaries.
The direct Coulomb ͑Hartree͒ interaction U e (r) in Eq. ͑1͒ is written in the form
where ⑀ is the dielectric constant which we take equal to 12.9 in GaAs. The second term in the brackets represents the effect of mirror charges introduced for the 2DEG as well as for the donor layer to satisfy the boundary conditions, where z is the distance between the gate and the 2DEG plane.
To avoid the difficulties with convergence of the iterative scheme, the value of the Hartree potential ͑5͒ at each iteration is mixed with the one at the previous step
The mixing parameter ␣ lies in the interval ͑0,1͒ being 0.01 in our calculations in order to damp the Coulomb integral which has an anomalously large magnitude in the twodimensional ͑2D͒ case. The electron density n(r) obtained from the Thomas-Fermi equation ͑1͒ following the iterative process ͑2͒-͑6͒ is shown in Fig. 2͑b͒ . It follows from our modeling that the Thomas-Fermi approximation even with inclusion of electron exchange interactions cannot detect subtle properties of the system, such as its spin polarization, possibly because it does not take into account the shell structure of the electronic energy spectrum. However, it serves well as initial input values for the potentials for LSDA calculations, as we describe below.
Let us now incorporate the spin effects explicitly in the model. This will allow us to assign individual energy levels to each electron spin state and therefore allow us to study magnetic properties of single and coupled quantum dots and how these can be controlled by external means. The system is described by the effective Schrödinger equation: 
where ϭϮ 1 2 refers to up (↑) and down (↓) individual spin polarization, U c (x,y) and U e (x,y) are the confinement and Hartree potentials given by Eqs. ͑2͒ and ͑5͒. In the KohnSham LSDA, the 2D electron exchange potential has the form
where n (x,y) is the spatial distribution ͑i.e., electron density͒ for -spin electrons. For the sake of simplicity, the contribution from image charges in Eq. ͑8͒ has been neglected. In the Kohn-Sham potential we have also omitted the correlation part U corr . One reason is that U corr is much less than U exch , typically ten times smaller. The other reason is that U corr does not remove spin polarization as sometimes anticipated, i.e., the overall picture remains the same as without correlation. Although the splitting of levels is reduced with correlations included the total spin and shell-filling remain the same as for the case with only exchange. Obviously, correlation also requires slight adjustments of V g to have the same number of electrons in the dot. As a verification we have performed explicit numerical calculations with U corr included for some typical cases with 30 to 36 electrons in a single dot. For U corr we have used the formalism described in detail in Refs. 4, 26, and 27.
The way to inducing the spin polarization is somewhat subtle. We included in Eq. ͑7͒ the Zeeman splitting from a weak (g B Bϭ10
Ϫ6 eV) external ͑parallel͒ magnetic field in order to introduce a slight anisotropy in the problem. The splitting turns out to be much smaller than the one ultimately caused by exchange interaction. Note that the magnetic field is chosen to favor the up (↑) direction of the spin and may be turned off after a few iterations. Equations ͑7͒ for the up and down spin are not separable because of the form of the Hartree potential ͑5͒, thus constituting a system of two equations. In order to solve it, we apply a self-consistent iterative process where the potentials for the initial step are derived from the Thomas-Fermi approximation. Substituting them in Eq. ͑7͒ we solve the eigenenergies and eigenvectors and calculate the electron densities as
We substitute Eq. ͑9͒ in Eqs. ͑5͒ and ͑8͒ to obtain the potentials at the next iteration, mixing them in the same manner as in Eq. ͑6͒, and then repeat the above procedure. Selfconsistency is reached when the calculated eigenenergies in successive iterations are identical within a given numerical accuracy (10 Ϫ6 eV). Normally, this accuracy requires N ϭ200-300 iterations.
In the Kohn-Sham LSDA one assumes that the total many-electron wave function is a single Slater determinant. Hence, if the system spin polarizes spontaneously and the spatial orbitals relax accordingly the system also breaks its spin symmetry and is no longer a proper eigenfunction of the total spin Ŝ 2 ͑see, e.g., Ref. 28 for a general discussion͒. Symmetry may, in principle, be restored by constructing proper linear combinations of determinants by, e.g., projection techniques. As usually done, however, we will stay within the one-determinant approximation. We will comment further on this problem in connection with ''spin-densitywave states.''
III. SPIN POLARIZATION IN A SINGLE QUANTUM DOT

A. Symmetric quantum dot
Figures 2͑c͒ and 2͑d͒ show the results of the selfconsistent iterative process for a symmetric square quantum dot ͓Fig. 1͑b͔͒. The total potential of the dot that represents the sum of the terms within the brackets in Eq. ͑7͒ is displayed in Fig. 2͑c͒ . One can see that the total potential rises and flattens at the bottom due to electron-electron interactions and can no longer be treated as parabolic. Figure 2͑d͒ shows the density of electrons occupying the conduction band of the dot,
Here, as well as in Fig. 2͑b͒ , the shape of the electron density has a rotational symmetry. However, its radial part experiences oscillations, which is to a large extent determined by the profile of the exchange potential. Another main distinction is that the electron density is higher in LSDA for the same gate voltage than in the Thomas-Fermi approximation, i.e., 14 and 12 electrons, respectively. This is an effect of the exchange term that always gives a negative contribution to the total potential.
The spin polarization of the dot is defined as the difference between the densities of the up-and down-spin electrons
We have modeled a symmetric square quantum dot in a large gate voltage region yielding 0 to 50 electrons in the dot. The results show a rich variety of spin polarizations that can be distinguished into three main trends, as illustrated in Figs. 3-5. In Fig. 3 the dot is occupied with N ↑ ϭ21 and N ↓ ϭ15 electrons. As can be seen from the energy spectrum, electrons-the corresponding states for down-spin electrons are above the Fermi level. The shell structure without the inclusion of electron-electron interactions can be qualitatively understood in the approximation of the 2D harmonic oscillator. In this case, the spectrum of eigenenergies reads E n,l ϭប(2nϩ͉l͉ϩ1), where n(ϭ0,1,2, . . . ) and l(ϭ0, Ϯ1,Ϯ2, . . . ) are the radial and angular momentum quantum numbers. Some energy states are degenerate and thus cluster shellwise, the shells being successively formed by a total ''magic'' number of states ͑2, 6, 12, 20, 30, 42, . . . ͒. Pairs of states with the same n and ͉l͉ have the highest degeneracy and wave functions only differing by a /2 symmetry rotation. 8 When the electron-electron interactions are included, two major changes take place. Firstly, the up-and down-spin branches of the spectrum split because of the exchange interactions. Note that the splitting between the up-and downspin subshells of each shell in Fig. 3͑a͒ has the order of 0.5-1 meV, which greatly exceeds the introduced Zeeman splitting of 10 Ϫ6 eV, and remains when the magnetic field is switched off during the iterative process. Secondly, the degeneracy within subshells is slightly lifted due to the nonparabolicity of the total potential caused by electron-electron interactions and the slightly nonparabolic shape of the realistic confinement potential. 8, 9 Still, the states with the same n and ͉l͉ remain degenerate which is seen from the pairwise structure of the subshells.
We also notice that due to the shell structure and the exchange splitting, the distance between the neighboring subshells is much bigger than the level separation within each subshell, which makes the filling of the state next to a closed subshell relatively unfavorable. This gives rise to the peaks in the addition spectrum of the dot not only at full (N tot ϭ2,6,12 , . . . ) but also at half-full (N tot ϭ4,9,16 , . . . ) shell filling, which has been reported elsewhere. 3, 5, 12 Figure 3͑b͒ presents the spin polarization over the dot region in the case of a half-filled shell. As can be seen spin polarization is not distributed uniformly over the dot but has a circular pattern. Since the first five shells in the dot are fully occupied with up-and down-spin electrons and cancel in accordance with Eq. ͑11͒, the behavior of the spin polarization is determined by the contribution from the half-filled sixth shell. As long as the up-spin subshell of the sixth shell is filled it possesses rotational symmetry, and the superposition of the peaks and dips of the radial part of the wave function may result in the radial oscillations of the spin polarization. By further decreasing the gate voltage we arrive at an opposite situation that corresponds to the closed-shell dot in Fig. 4 . Here, the dot is occupied with N ↑ ϭN ↓ ϭ15 electrons.
As Fig. 4͑a͒ depicts, the first five shells are completely filled and the subshells are degenerate, so the contributions from both spin directions in Eq. ͑11͒ are equal and cancel each other. Indeed this is seen in Fig. 4͑b͒ . The spin polarization reaches its maximum of about 2.5ϫ10 Ϫ6 nm Ϫ2 which is at least two orders of magnitude less than in the previous case. Given that the electron density in both cases has a maximum at 4ϫ10
Ϫ3 nm Ϫ2 , one can conclude that the spin polarization vanishes in practice in a closed-shell dot.
So far, all the situations are a manifestation of Hund's rule stating that the total spin takes the maximum value allowed by the exclusion principle and becomes zero for closed shells, due to an interplay between kinetic energy and exchange potential. Depending on which term dominates, two limiting cases take place, as shown in Figs. 3 and 4 , while the filling of the shells at intermediate gate voltages should proceed according to these lines. However, if we further decrease the gate voltage, another situation occurs that violates Hund's rule. Figure 5͑a͒ shows the dot's energy spectrum where the same number of up-and down-spin electrons occupy the energy states, N ↑ ϭN ↓ ϭ13, thus precluding the total spin polarization of the dot. The splitting between the subshells is strongly suppressed, for instance, only about 5ϫ10 Ϫ5 eV for the second shell, which is, however, more than the Zeeman splitting. Surprisingly, the spatial distribution of the spin polarization, Fig. 5͑b͒ , does not drop to zero but instead oscillates in radial and angular directions with an amplitude comparable to that for a half-filled shell. This is a feature of the spin-density wave ͑SDW͒ ͑or antiferromagnetic state͒ that was pointed out in 2DEG quantum dots by Koskinen et al. 4 and has been discussed further. 5, [11] [12] [13] The SDW state should in the case of a finite system not be taken literally. Obviously, our SDW state is degenerate. For example, by turning spin ↑ into spin ↓, and vice versa we obtain an equally acceptable solution. The spatial variation of the spin density is therefore an artifact due to the approximation with a single determinant. We may restore proper symmetry by taking a linear combination of Slater determinants. As a consequence, such a generalized state would not predict the naive SDW state in Fig. 5͑b͒ . It would, however, predict two-particle correlations that are consistent with the SDW concept, i.e., LSD reveals subtle correlations inherent in the true ground state. Keeping this interpretation of the SDW state in mind we will stay with LSD and a single Slater determinant. Actually, the situation reminds us qualitatively of a much simpler case, namely the well-known dissociation problem of the ground state of the hydrogen molecule. 28 In the molecular orbital ͑MO͒ picture the two electrons are paired and the total wave function is a single Slater determinant that is a proper spin eigenfunction of the total Ŝ 2 and Ŝ z . For the normal ground state of H 2 this formulation with restricted MO's is the usual one. At large internuclear separations, however, electron interactions become increasingly important and the restricted MO approach fails to yield the correct dissociation product (HϩH). As a remedy one may simply introduce unrestricted MO's which are spatially different for the two spins. This is obviously in the same spirit as for the SDW-state above. As a consequence one obtains the desired dissociation products but the price to be paid is that the total wave function is now a mixture of singlet and triplet states and therefore not a proper spin eigenfunction. Taking a linear combination of the two possible Slater determinants a proper eigenfunction of Ŝ 2 and S z is restored. In other words, one has introduced the gradual transformation of a restricted MO state into a Heitler-London valence-bond state characterized by strong spin correlations as in our naive SDW state above.
The overall results for a square symmetric quantum dot are presented in Fig. 6 . A Coulomb staircase is shown in Fig.  6͑a͒ that reflects the filling of the dot with electrons as a function of the gate voltage. The total number of electrons varies from 0 at a pinch-off voltage of Ϫ0.62 V and up to 50 electrons. Some of the steps along the vertical axis experience a jump of two electrons ͑such as from 12 to 14 and in the region from 30 to 42 electrons͒. In those cases the step of the gate voltage ⌬V g ϭ1 mV has not been sufficiently small to distinguish between a pair of highly degenerate energy states, and a double filling has occurred. The curve has a parabolic form which gives rise to the following consideration: the capacitance of a quantum dot is defined as the first derivative of the total electron charge with respect to the applied gate voltage. Therefore by putting aside the chargequantized steps and differentiating the curve in Fig. 6͑a͒ one obtains the capacitance as a linear function of the gate voltage. On the other hand, the classical capacitance of a uniformly charged disk is proportional to its radius r. Provided that the radius of the dot is proportional to the applied gate voltage ͑which is consistent with what we have seen in our modeling͒, one may consider the 2DEG region of the dot as a disk whose average electron density remains constant and size increases linearly with the gate voltage. From Fig. 6͑a͒ we have estimated r for a given gate voltage and found it in agreement with the size of the 2DEG region observed explicitly in the electron density plot. Thus, the electronic filling of the quantum dot can be qualitatively understood in classical terms while the steps in Fig. 6͑a͒ manifest the discreteness of the dot's charge. The unevenness in the steps is a quantum effect. Figure 6͑b͒ plots the total spin polarization S z of the dot as a function of its electron content. The peak S z ϭ3 at N tot ϭ36 electrons corresponds to the case in Fig. 3 ; this is a maximum total spin polarization observed in our modeling. Other situations are found in Fig. 6͑b͒ 29 Because of the numerical complications of PIMC the comparison must be limited to Nр12. An advantage of the density-functional method is, of course, that it can be extended to many electrons as shown here.
B. Asymmetric quantum dot
Now let us consider a single asymmetric quantum dot ͓Fig. 1͑c͔͒. The asymmetry is achieved by removing the topright corner of the square dot gate opening and thus deforming the confinement potential. The cut has a fixed width and a variable length L, therefore by changing L we investigate the influence of the asymmetry on the total potential as well as on the spin polarization. We start out from a nondeformed symmetric square dot at the gate voltage corresponding to the half-filled shell case ͑Fig. 3͒. As mentioned in the previous paragraph, in this case the dot has a maximum total spin polarization S z ϭ3. Having fixed the gate voltage we gradually increase L from 20 to 110 nm when it reaches the size of the gate opening and the dot becomes rectangular. At the same time, the 2DEG experiences a transformation of its shape from circular to elliptical.
The results for the energy spectrum of the asymmetric dot are presented in Fig. 7 . Two main trends can be noted. Firstly, as the asymmetry grows the spin polarization decreases dropping to zero at Lϭ55 nm which is equal to the halfsize of the gate opening. At that moment, the exchange splitting between the up and down spin branches of the spectrum is suppressed, and further symmetry-breaking makes electrons of both spin directions leave the dot at the same rate, since the total metallic area of the gate is getting effectively enhanced. Secondly, the asymmetry of the dot potential splits the shells. At Lϭ55 nm the subshells of both spins undergo a similar splitting. However, when L deviates from that value in either direction, Lϭ40 or 70 nm, one of the spectral branches ͑for up or down spin͒ experiences more pronounced splitting than the other. The spatial distribution Fig. 1͑c͔͒ at different gate geometries for ͑a͒ upspin and ͑b͒ down-spin electrons. Energy levels for distorted cases ͑where the deformation length L greater than 0͒ have been vertically offset by 1 meV for clarity.
of the spin polarization of an asymmetric dot at Lϭ55 and 110 nm is shown in Figs. 8͑a͒ and 8͑b͒ . One can see how the spin polarization is suppressed, as compared to the nondeformed case, and its rotational symmetry is broken due to the distortion of the confinement potential. In general, breaking the symmetry of the dot destroys its magnetization, see Fig.  8͑c͒ , which is the consequence of lifting degeneracies. This result is well expected. 5, 9, 11 . Figure 8͑b͒ also shows the oscillations in spin polarization indicating the SDW behavior for the rectangular quantum dot. Thus, the SDW states remain, or even become more prevalent, 5 in asymmetric quantum dots, as opposed to the highly polarized states ͑Fig. 5͒ which are characteristic for nondeformed symmetric dots alone. We stress, however, that for the case shown in Fig.  8͑b͒ the deformation of the dot is weak, the gate opening has the size of 110ϫ90 nm Ϫ2 and the shell structure is still well pronounced, as seen in Fig. 7 . Therefore, the SDW states cannot be produced by lifting the degeneracy of the energy levels, but rather are the effect of the suppressed exchange splitting between the up-and down-spin branches of the spectrum.
IV. SPIN POLARIZATION IN TWO COUPLED QUANTUM DOTS
As was noted before, a lithographically square quantum dot resembles an atom because of the effectively rotational symmetry of its confinement potential. Now we will proceed to a system of two-coupled square dots that models an artificial diatomic molecule. The corresponding device is schematically depicted in Fig. 1͑d͒ . Here, the coupling strength between the constituent ''atoms'' can be varied by changing the distance between the quantum dots, and different applied gate voltages determine the electron content of such a molecule. A similar system has been implemented and measured experimentally by Oosterkamp et al. 7 It consists of two lateral dots of different size containing about 60 and 35 electrons respectively, which can be interpreted as a molecule composed of atoms of two different elements. A system of two identical quantum dots has been modeled by Nagaraja et al. 10 They have studied low-electron cases corresponding to light molecules, such as H-H or Be-Be.
In this section we investigate massive dots with a highelectron content. Initially, the system parameters ͑gate voltage V g ϭϪ0.505 V and interdot distance dϭ200 nm) are set in such a way that the quantum dots are well separated and contain N ↑ ϭ21 and N ↓ ϭ15 electrons each, which corresponds to a highly polarized half-filled shell state described above ͑Fig. 3͒. Having fixed the gate voltage, we increase the coupling between the dots by gradually reducing the interdot distance d. The aim is to see how the introduced coupling changes the symmetry of the confinement potential and, ultimately, what happens to the spin polarization of the double dot.
The results for the double dot in different coupling regimes are shown in Figs. 9-11. As long as the interdot distance exceeds 150 nm the quantum dots remain uncoupled, see Fig. 9 . The electron density of the system ͓Fig. 9͑a͔͒ is split into two separate 2DEG droplets and the total number of electrons, N ↑ ϭ42 and N ↓ ϭ30, is just two times the electron content of a single isolated dot at the same gate voltage. This implies that the charging of both dots is carried out independently, and the situation is similar to the doublecharging effect observed by Nagaraja et al. for the first two electrons filling the lowest localized states of the double dot. 10 The energy spectrum of the system ͓Fig. 9͑b͔͒ shows a pronounced shell structure, the shells being ''doubled'' because of the degeneracy of the levels of the two identical quantum dots. The sixth shell is only half-filled due to exchange splitting and spin polarization ͓Fig. 9͑c͔͒ is clearly seen in the dot regions, in accordance with Hund's rule. The shape and value of the spin polarization for each dot is exactly the same as in Fig. 3͑b͔͒ .
The situation changes when the dots are brought closer to each other into an intermediate-coupling regime, see Fig. 10 . Here, the interdot distance is as short as dϭ50 nm. As one can see in Fig. 10͑a͒ still easily distinguished. The shell structure ͓Fig. 10͑b͔͒ has experienced two significant transformations. First, the shells corresponding to high-lying delocalized states start to split because of the partially lifted degeneracy, and energy levels shift as the dots approach each other. Second, the exchange gap between the up-and down-spin branches of the spectrum is diminished considerably as compared to the previous case, which brings in new available energy states for down-spin electrons from above the Fermi level. Thus, additional charging takes place, up to N ↑ ϭ42 and N ↓ ϭ38, and the spin polarization is reduced. The light area in Fig. 10͑c͒ ͑positive-spin polarization͒ shrinks and the dark area ͑zero-and negative-spin polarization͒ extends compared to Fig. 9͑c͒ . Finally, when the separation between the dots is zero the coupling reaches its maximum value and the two-dot system transforms into a single asymmetric quantum dot, see Fig.  11 . The electron density of the system ͓Fig. 11͑a͔͒ is confined to one island and the two single-dot humps can no longer be distinguished. The shell structure is smeared out but close inspection of Fig. 11͑b͒ enables one to trace remains of two single-dot shell structures with corresponding shells shifted relative to each other. This partial conservation of the level degeneracy can also be explained from the ellipticity of the formed dot confinement potential. The resulting gate opening is a rectangle of the length being twice its width. Thus, neglecting electron-electron interactions one can roughly estimate the energy spectrum of the system as that of a 2D harmonic oscillator with energy of the confinement ប 0 along the y axis two times larger than along the x axis ͑though it is not absolutely true 5 ͒. This will give the energy spectrum in the form E n x ,n y ϭប 0 (n x ϩ2n y ) ϩconst, where n x ,n y ϭ0,1,2, . . . and therefore a half reduced degeneracy of the levels.
The exchange gap between the up-and down-spin branches of the spectrum is strongly reduced being only about 0.1 meV which is nearly an order of magnitude less than in the case of weak coupling. Furthermore, energy levels experience a drop of about 1-2 meV as compared to previous cases of separated dots, which is likely to be an effect of the molecular binding of the constituent artificial atoms. 10 These two properties result in a considerable increase in the number of occupying electrons, N ↑ ϭ43 and N ↓ ϭ42, and an almost complete suppression of the total spin polarization of the system. The spatial distribution of the spin polarization ͓Fig. 11͑c͔͒ is, however, not zero-flat but shows oscillations all over the two-dot region with an amplitude of the same order as in the highly polarized weakcoupling regime. This is a feature of the SDW that is typical for elliptical dots, as discussed in Sec. III. Overall results for a double dot are presented in Fig. 12 showing two major trends. First, as the interdot distance decreases, the formation of an artificial diatomic molecule provides an energy boost for new states to be filled and thus increases the electron content of the system. Second, the coupling between the dots deforms the symmetry of the confinement potential, which destroys the spin polarization of the double dot.
We have also performed modeling of a smaller double dot, at a gate voltage where each of the dots contains only N ↑ ϭ6 and N ↓ ϭ3 electrons when isolated. In the strongcoupling regime, the system experiences an even more dramatic increase in the total number of electrons, from 18 to 41, and shows a SDW behavior. Basically, the results obtained for that system reveal similar trends as in the case of FIG. 11 . Double dot in the strong-coupling regime: ͑a͒ electron density of the double dot ͑in units of 10 Ϫ4 nm Ϫ2 ). At V g ϭϪ0.505 V and dϭ50 nm the system is occupied by N ↑ ϭ43 and N ↓ ϭ42 electrons, ͑b͒ energy spectrum, the levels drop due to molecular binding, and ͑c͒ spin polarization ͑in units of 10 Ϫ4 nm Ϫ2 ).
the many-electron double dot, and we will not present them in detail in this paper.
V. CONCLUSIONS
We have investigated the spin polarization of the 2DEG in systems of lateral quantum dots and its relation to the symmetry of the realistic confinement potential. In our modeling, we have developed a self-consistent calculation process in the framework of the Kohn-Sham local spin-density theory with the 2D Thomas-Fermi approximation as an input.
For a single symmetric quantum dot, we have found that the shell structure of the electronic energy spectrum and spin-polarized ground states obey Hund's rule, which is consistent with the results obtained for a parabolic confinement. 4, 9, 11 Introducing asymmetry to the system by the distortion of the single-dot confinement potential generally destroys its spin polarization and in some cases puts the system into a spin-density-wave state.
For a system of two coupled symmetric quantum dots, we have shown that the interdot coupling can also be considered as breaking the symmetry of the confinement potential, and increased coupling results in the suppression of the total spin polarization. Furthermore, in the strong-coupling regime, additional filling of new electronic states takes place, which is reminiscent of the formation of a diatomic molecule causing the release of energy in the amount equivalent to the binding energy of the molecule. In our approach, the coupling strength was changed by lithographically varying the gate geometry. Another way to study different coupling regimes is by means of varying applied gate voltages ͑as in Ref. 10 for a few-electron double dot͒, which might better correspond to the experimental situation. We note, though, that different gate voltages will change not only the size of the constituent quantum dots ͑and therefore the effective interdot distance͒ but also the electron content of each dot. Hence, in addition to the symmetry breaking of the confinement potential, the spin polarization will also be influenced by a filling of single-dot shell structures, and the combination of the two effects might be more complicated to understand and control. However, this is an interesting issue for further investigation.
Finally, we have also found that the system properties, in particular its total spin polarization, strongly depend on the parameters of the heterostructure, e.g., its donor density. This implies the operation of the potential device based on such a structure would be very sensitive to the quality of the materials used for its fabrication. On the other hand, this provides an opportunity to flexibly adjust the device characteristics in a wide parameter range, thus making it feasible for various applications.
Note added: The true nature of the spin-density-wave ground state has been discussed by S. M. Reimann, M. Koskinen, and M. Manninen ͓Phys. Rev. B 62, 8108 ͑2000͔͒ and M. Koskinen, M. Manninen, B. Mottelson, and S. M. Reimann ͓Phys. Rev. B ͑to be published͔͒.
